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Abstract—The Astronomical Observatory of the Sergio Ar-
boleda University (Bogota´, Colombia) has as main instrument
a Torus Classic Cassegrain telescope. In order to improve its
precision and accuracy in the tracking of celestial objects, the
Torus telescope requires to be properly automated. The motors,
drivers and sensors of the telescope are modelled as a black-box
systems and experimentally identified. Using the identified model
several control laws are developed such as Proportional, Integral
and Derivative (PID) control and State-feedback control for the
velocity and position tracking and disturbance-rejection tasks.
Index Terms—Electronic instrumentation, Experimental Sys-
tem identification, PID Controller, State-Feedback Controller,
Torus Cassegrain Telescope, Astronomical Observatory
I. INTRODUCTION
The Astronomical Observatory of the Sergio Arboleda University1
(Bogota´, Colombia), uses a Torus Classic Cassegrain telescope to
track objects in the celestial sphere (see Fig. 1).
Figure 1: Torus Classic Cassegrain telescope available at the
Astronomical Observatory of the Sergio Arboleda University
(Bogota´, Colombia).
The Torus Cassegrain telescope designed by Optical Mechanics
Inc. [1], and adquired in January 2001 by the Sergio Arboleda
University, has a diameter of 0.4m, a focal length of 4000mm (f/10)
and a German Equatorial Mount (GEM) designed especially for the
1http://www.usergioarboleda.edu.co/escuela-de-ciencias-exactas-e-
ingenieria/observatorio-astronomico
latitude of the geographical location where it is placed. This type
of mount in composed by two motors allowing the rotation of the
telescope through two axes: straight ascension (or just ascension) and
declination (see Fig. 2).
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Figure 2: Torus Cassegrain telescope with German Equatorial
Mount (GEM).
When this telescope was adquired in 2001, it was operated
using the Observatory Control and Astronomical Analysis Software
(OCAAS) [1], [2] operating system, which allowed its automatic
positioning, camera control and focus. Over the years, this software
became obsolete and therefore the telescope was not used for a long
time. Since the year 2012, new hardware, including new drivers and
sensors, has been implemented to acess all the system input and
output signals, such as the motors position signals measured with
the encoders (position sensors), and Pulse-width modulation (PWM)
signals for the drivers of each motor [3].
In order to guarantee the precise and accurate tracking of celestial
objects, the telescope is now being automated and the proper control
strategies are being embedded to control the telescope position and
velocity. In the automation process, it is crucial to identify the
dynamics of the motors of telescope GEM, so the velocity and
position control can be designed and implemented. The position
and velocity controllers must satisfy the performance requirements
presented in Table I for both reference tracking and disturbance re-
jection tasks. Those performance requirements are established taking
into account the telescopes parking position: Declination: −90◦ and
straight ascension 0◦ and the Earth’s rotation velocity: 0, 004166◦/s.
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Control Design Reference Signal tss ≤ %OS ≤ ess ≤
Ascension Motor Velocity 10◦/s 0, 2s 5% 0
Ascension Motor Position 90◦ 60s 10% 0
Declination Motor Velocity 10◦/s 0, 5s 10% 0
Declination Motor Position 180◦ 60s 10% 0
Table I: Ascension and declination motors velocity and position
performance requirements.
In the present paper the telescope drivers, sensors and motors
are modelled as black-boxes which which are experimentally iden-
tified. Using the obtained models, PID (Proportional, Integral and
Derivative) and State-feedback control laws are sintetized and tested.
Also the kinematics calculations (inverse and direct) are developed to
determine the effective area in which the telescope can rotate. This
paper is organized as follows: In Section II the main hardware of
the Torus telescope, such as sensors and actuators, are presented,
Section III develops the System identification of both Ascension
and Declination systems from experimental data, in Section IV PID
and State-feedback controllers are designed to satisfy performance
requirements, in Section V the performance of each control strategy
implemented is recorded, and finally in Section VI the Kinematics
of the Torus telescope is developed and in Section VII conclusions
and perspectives are given.
II. TORUS CASSEGRAIN TELESCOPE HARDWARE
In the present section the main hardware features (actuators and
sensors) of the Torus Cassegrain telescope available at the Sergio
Arboleda University are described.
A. Gurley 9x20 Encoders
The Torus telescope has two Gurley 9x20 optical rotary incremen-
tal encoders that measures the Straight Ascension and Declination
rotation, respectively. The main features of the Gurley 9x20 Torus
encoders are [4]:
• Long duration owing to its LED-based illumination (to last at
least 100,000 hours).
• Signal stability guaranteed by differential photo-detectors.
• Reliability due to its single-board and surface-mount electronics.
• Resolution of 25400 cycles/rev (101600 counts/rev).
B. SSt-1500-R Drivers
The Torus telescope has also two SSt-1500-R drivers with high
bandwidth and digital vector servo drives for both motors ascension
and declination, respectively. Settling time smaller than 1ms, smooth
motion, reliability, universal motor compatibility, and even a neural
fuzy logic adaptative control algorithm are the main features of the
SSt-1500-R drivers [5]. The drivers inputs are PWM signals sent from
the embedded software in the control unit.
III. EXPERIMENTAL SYSTEM IDENTIFICATION
In order to obtain the dynamic models, the ascension and declina-
tion systems are modelled as black-boxes that have as input a PWM
signal and as output an angular position signal in degrees (see Fig. 3.)
A STM32F4 microcontroller is used to get the position and veloc-
ity data of each motor with a 10ms sampling time. The maximum
frequencies allowed for the PWM signals used as input is 350kHz.
The input and output signals obtained experimentally that will be
used as data sets for the systems identification process are depicted
in Fig. 4, Fig. 5 and Fig. 6.
From the obtained experimental data it is also possible to conclude
that both systems (Straight ascension and Declination) are SISO
(Single Input Single Output), both systems are LTI (Linear Time
Invariant), the dynamics of the motors position is not BIBO-stable,
the velocity behaviour of both systems is a second order with a
damping factor 0.2 ≤ ζ ≤ 0.7 and the variation of the duty cycle
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Figure 3: Ascension and declination black-box systems.
of the PWM input signal does not affect the outputs, only does
the frequency variation. Those analysis performed from experimental
data are particularly useful since they allow to properly choose the
model structure to identify [6]. The transfer function structure is
chosen.
The velocity dynamics of each motor is identified by using the
input data set with the best consistency performance according to
the Fit to estimation data (best behaviour at high values) FED, Final
prediction error FPE and the Mean-Square error (best behaviour at
low values) MSE. The input data sets chosen to perform the system
identification are shown in Table II. The system identification is
performed by using the MATLAB System Identification Toolbox [7].
In Fig. 7 and Fig. 8 the best fits to the experimental data are depicted
for the Ascension and Declination system dynamics. In Table III the
identified dynamics are presented.
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Figure 4: Experimental input data set for both Ascension and
Declination systems for different PWM input frequencies.
System Input data set FED FPE MSE
Ascension Frequency 250kHz 76.51% 0, 1062 0.105
Declination Frequency 325kHz 66.43% 0, 3356 0.3315
Table II: Input data sets chosen for system identification.
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Figure 5: Experimental position output data set for Ascension system
for different PWM input frequencies.
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Figure 6: Experimental velocity output data set for Ascension
system for different PWM input frequencies.
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Figure 7: System identification results for Straight Ascension
system velocity dynamics.
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Figure 8: System identification results for Declination system
velocity dynamics.
System Velocity dynamics Position dynamics
Ascension G(s) = 0.09809
s2+52s+1566.5
G(s) = 0.09809
s3+52s2+1566.5s
Declination G(s) = 0.1267
s2+34.72s+2018
G(s) = 0.1267
s3+34.72s2+2018s
Table III: Identified Velocity and Position dynamics.
IV. POSITION AND VELOCITY CONTROL LAWS
In the present section, the PID and State-feedback controllers
are designed. These controllers were selected since they fulfil the
required performance characteristics in terms of ess (Steady-state
error) equal to 0 through an integral action, the tss (steady-state time)
through a proportional action and derivative action for handling of the
%OS (Overshoot Percentage).The State-feedback allows to include
the available information of both states: position and velocity in the
control loop, even if they are not simultaneously outputs. From the
experimental data and the identified dynamics, the following features
can be highlighted for both Ascension and Declination systems:
• Velocity dynamics is a type 0 dynamics
• Position dynamics is a type 1 dynamics
• Velocity dynamics is a BIBO-stable dynamics
• Position dynamics is marginally stable
Therefore, when closing the loops with a unitary feedback and no
additional control law, the velocity models (Type 0) do not follow a
step reference signal meanwhile the position models do (Type 1), as
shown in Fig. 9 and Fig. 10.
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Figure 9: Ascension velocity response to a unit step input signal.
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Figure 10: Ascension position response to a unit step input signal.
A. PID Controllers Design
Despite the previous analysis, PID actions are selected to the
velocity controls and PI to the position models (see Fig. 11), since the
input are not guaranteed to be step inputs exclusively and nevertheless
ess=0 must be assured. The PID gains calculated to satisfy the
performance in Table I for the models of each system read Table
IV.
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Figure 11: PID Parallel Configuration.
Control System Kp Ki Kd
Ascension Velocity 73906.004 1664184, 219 1916, 48
Ascension Postion 4277.848 151, 872 X
Declination Velocity −4430.4656 115298, 0189 481, 80
Declination Postion 4530.099 152, 818 X
Table IV: Design of the PID Controllers for the systems.
The PID and PI controllers are implemented with Anti Wind-up
Filters to prevent integration wind-up due to the actuator saturation
at 350kHz.
B. State Feedback Controllers Design
The State-Feedback controllers are designed using the configura-
tion shown in Fig. 12 to guarantee ess=0.
The state-feedback gains found for the control and position control
are showed in Table V, where K1 = [a b] for velocity dynamics, and
K1 = [a b c] for position models. The parameter k2, is the integral
constant.
V. ANALYSIS OF RESULTS PID VS. STATE FEEDBACK
CONTROLLERS
In the following section trajectory tracking and disturbance rejec-
tion tests are performed. The control signals behaviour also analysed
to know if the saturations of the system actuator are exceeded.
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Figure 12: State Feedback Configuration with a integral gain
k2
Control System K1 K2
Asc. Velocity a = 187, 98 1664014, 57
b = 7248, 94
Asc. Position a = −45, 34 80
b = −1542, 6
c = 83, 47
Decl. Velocity a = 61, 05 115297, 94
b = −561, 74
Decl. Position a = −28, 05, 60
b = −1994, 56
c = 83, 74
Table V: State-Feedback Controllers.
A. Trajectory Tracking tests
The aim of these tests is to evaluate if the control strategies meet
the performance characteristics. Table VI is obtained. In Fig. 13 the
response of the State-feedback controller is depicted when controlling
the velocity of declination system.
hhhhhhhhhhhhhhhhControllers
Performance Characteristics
tss %OS ess
Ascension Velocity 0.2s 5% 0
Performance Ascension Position 60s 10% 0
requirements Declination Velocity 0.5s 10% 0
Declination Position 60s 10% 0
Ascension Velocity 0.2s 10% 0
PID Ascension Position 60s 4, 74% 0
Declination Velocity 0.56s 11.11% 0
Declination Position 60s 1.62% 0
Ascension Velocity 0.22s 4.5% 0
State-Feedback Ascension Position 60s 0% 0
Declination Velocity 0.5s 9.8% 0
Declination Position 60s 0% 0
Table VI: Results for trajectory tracking tests.
B. Disturbance Rejection tests
Disturbance rejection tests seek to evaluate the systems behavior
when a perturbation occurs. Table VII collects the controllers per-
formance when disturbance occurs. In Fig. 14 it is shown how the
disturbance is applied in the velocity control of the Ascension system
when the PID controller is implemented.
C. Control Signals: Saturations
In Table VIII the maximum values achieved by the control
signals while performing the above experiments are recorded. The
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Figure 13: Velocity set-point tracking response for Declination
system whit State-feedback controller.
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Performance Characteristics
tss %OS ess
Ascension Velocity 0.2s 5% 0
Performance Ascension Position 60s 10% 0
requirements Declination Velocity 0.5s 10% 0
Declination Position 60s 10% 0
Ascension Velocity 0.160s 15.3% 0
PID Ascension Position 60s 10% 0
Declination Velocity 0.5s 115.6% 0
Declination Position 69.7s 20.11% 0
Ascension Velocity 0.160s 15.6% 0
State-Feedback Ascension Position 55s 111.11% 0
Declination Velocity 0.5s 116.4% 0
Declination Position 57s 137.77% 0
Table VII: Results for disturbance rejection tests.
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Figure 14: Velocity disturbance-rejection response for Ascension
system with PID controller.
saturation of the actuator is 350kHz. Table VIII shows the relevance
of implementing Anti-windup filters in PID controllers. In Fig. 15 is
depicted the State-feedback control signal obtained while performing
the set-point tracking for the Declination position system.
Controllers Max. PWM Frequency
Ascension Velocity 350kHz
PID(with Antiwind-up) Ascension Position 350kHz
Declination Velocity 350kHz
Declination Position 350kHz
Ascension Velocity 162kHz
State-Feedback Ascension Position 190kHz
Declination Velocity 170kHz
Declination Position 180kHz
Table VIII: Maximum control signals values.
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Figure 15: Control Signal Behaviour Example.
VI. TORUS TELESCOPE KINEMATICS
The inverse and direct kinematics calculation are developed to
establish the telescope effective working area. From Fig. 16 direct
and inverse kinematics are obtained.
Node 2
Figure 16: Links and nodes of Torus Telescope.
• Direct Kinematics: indicates the final effector (X,Y,Z) position
in terms of the nodes position.
Y = sin(α)L2 cos(θ2) + (L1 sin(θ1)
−L2 sin(θ2) cos(θ1)) cos(α), (1)
X = L1 cos(θ1) + L2 sin(θ2) sin(θ1), (2)
Z = cos(α)L2 cos(θ2)− (L1 sin(θ1)−
L2 sin(θ2) cos(θ1)) sin(α).
(3)
• Inverse Kinematic: indicates the nodes position according to
the XYZ position of the final effector.
sin(θ2) =
√
1−
(
sin(α)Y + cos(α)Z
L2
)2
, (4)
θ1 = arctan
Y − L2 sin(α)
(
sin(α)Y+cos(α)Z
L2
)
X cos(α)

+arctan

√
L22 − (sin(α)Y + cos(α)Z)2
L1
 .
(5)
With these equations, it is possible to simulate the effective area
where the telescope operates:
Figure 17: Effective working area for the Torus Telescope.
VII. CONCLUSIONS
The main conclusions of the present work are:
A. Experimental System Identification
• Data acquisition of the Declination system is noiser since
declination rotation has more friction than ascension rotation.
• To experimentally identify the position dynamics, is necessary
to acquire position data in closed loop, since it exhibits unstable
behaviour in open loop.
• The data noise is more important in low angular velocities.
Therefore, only frequencies greater than 50kHz were taken into
account for the experimental identification.
• Data noise filtering was first used in frequencies below 50kHz,
nevertheless, this idea was discarded because the transient
information was significantly delayed.
B. Position and velocity control law
• The PID control guarantees tss but not %OS due to the
saturation in the actuators and despite the anti-windup filter.
This indicates that the desired performance is not feasible for
those constraints, therefore is necessary to implement non-
conventional control laws such as MPC (Model Predictive
Control) that takes the system constraints into account.
• The disturbance Rejection tests shows better performance in
PID Controller. This was due to the implementation of anti-
windup filter that reduces the integral error.
• State feedback Controller shows better results in meeting the
general performance requirements, since this control strategy
has an additional information: state variables.
• %OS is sacrificed in order to obtain better results in tss in a
trade-off to get feasible control problems.
• PID velocity control of Declination system shows negative
velocity signals due to the presence of negative gains in the
controllers design. To avoid negative gains different PID con-
figuration must be chosen.
C. Torus Telescope Kinematics
The definition of the effective area is very useful to choose positions
references that can be actually reached by the telescope.
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